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ELECTRON  IRRADIATION  EFFECTS  ON  THE  SHUNT  RESISTANCE 
OF  SILICON  SOLAR  CELLS 

&  BANBRJBK  and  W.  A.  ANDERSON 

Department  of  Electrical  and  Computer  Engineering,  State  Univenlty  of  New  York  at 
Buffalo,  2 17C  Bonner  Hall,  Amherat,  NY  14260  (UB.A.) 

(Raeatvad  August  28, 1986;aeeapt*d  is  rrriead  fatm  Norm  bar  19, 1986) 


Summary 

Shunt  resistance  R*  values  greater  than  5  X  106 12  have  been  measured 
for  high  efficiency  silicon  solar  cells  fabricated  by  a  low  temperature  dif  * 
fusion  technique,  whereas  lower  values  ((0.5  •  1.0)  X  10s  12)  were  obtained 
for  ion-implanted  solar  cells.  A  degradation  in  R*  values  by  an  order  of 
magnitude  was  observed  after  electron  irradiations  of  1  MeV  to  a  fluence  of 
1 X  10“  e~  cm'2.  Temperature  dependence  studies  indicated  a  rapid  decrease 
in  Rah  above  a  threshold  temperature  which  is  sensitive  to  the  device  quality. 
As  the  fluence  of  irradiation  increased,  very  little  shift  in  the  threshold 
temperature  towards  lower  values  was  observed.  The  degradation  in  R* 
causes  an  enhancement  in  the  dark  mturation  current  which  is  partly 
responsible  for  degradation  in  the  open-circuit  voltage  of  the  devices. 


1.  Introduction 


The  photovoltaic  performance  of  solar  cells  is  significantly  influenced 
by  the  junction  characteristics  of  the  device.  It  was  earlier  observed  that  the 
carrier  transport  across  the  junction  deviates  from  its  ideal  diffusion-limited 
mechanism  owing  to  recombination  in  the  space  charge  layer,  series  resis¬ 
tance  R,  and  shunt  resistance  R*  [1  •  3].  This  results  in  excess  current 
components  in  the  experimental  current-voltage  (/-V)  characteristics  which 
can  be  expressed  ss  [4] 


*dO 


exp 


jg(Vp) 

kT 


*  itsCMI  + 


(1) 


where  /D  is  the  total  measured  diode  current,  U0  is  the  saturation  current 
for  diffusion-limited  transport,  /bMa,  is  the  excess  currents)  due  to  dif¬ 
ferent  recombination  mechanism(s),  the  last  term  represents  the  shunt 
current  and  VD  is  the  diode  voltage  which  is  related  to  the  terminal  voltage 
Vby 
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The  physical  processes  responsible  for  this  behavior  are  fairly  well  explained 
in  the  literature  [1,  5, 6]  except  for  that  of  A*.  Until  recently,  a  limited 
understanding  was  available  owing  to  the  fact  that  A*  was  usually  estimated 
m  a  curve  fittiig  parameter  to  the  experimental  l-V  characteristics  [3,  7]. 
During  recent  studies  mgardiry  /xm«m  in  silicon  metal/ insulator/n-«ilicon/ 
p-tilicon  (MNP)  solar  cells  [4],  it  was  observed  that  A*  varies  with  tempera¬ 
ture  above  a  threshold  temperature  which  is  extremely  sensitive  to  the  device 
quality  [8].  As  an  extension  of  this  work,  this  paper  considers  the  effect  of 
electron  irradiations  of  1  MeV  on  A*  and  the  shunt  current. 


2.  Experimental  details  and  analysis 

The  silicon  MNP  solar  cells  have  been  fabricated  on  (100)  oriented, 
0.1  -0.3  ft  cm  resistivity  boron-doped  float  tone  silicon.  The  junctions 
formed  by  the  solid  source  diffusion  of  phosphorus  at  960  “C  for  6  min 
using  the  Carborundum  solid  source  [4, 8]  are  compared  with  those  ion- 
implanted  at  6.0  kaV.  A  schematic  diagram  of  the  device  structure,  shown  in 
Fig.  1,  illustrates  the  design  features  which  are  highlighted  by  front  and  back 
surface  passivation.  The  experimental  measurement  of  A*,  described  in  an 
earlier  report  [8],  utilises  I-V  data  for  V  <  0.06  V  in  calculating  A*.  After 
the  initiei  testing,  the  devices  ware  successively  irradiated  by  1  MeV  elec¬ 
trons  in  a  Van  da  Graaff  electron  accelerator  at  throe  different  fineness  of 
1 X  1014  e"  cm-1, 1 X  101*  e~  cm~a  and  1  X  10w  e"  cm"1.  All  the  devices  were 
tasted  before  and  after  each  stage  of  irradiation.  Photovoltaic  data 
comparing  the  various  types  of  cells  are  given  in  Table  1.  These  data  are 
representative  of  10  -  20  calls  which  were  tasted.  A  remarkably  good  con¬ 
sistency  was  seen  from  cell  to  ceil  both  before  and  after  irradiation. 


Pig.  1.  Bith—sHr  rliawiw  at  the  MINP  solar  call. 

In  an  earlier  study  [8],  it  was  observed  that  the  A*  values  remain  fairly 
constant  below  a  threshold  temperature  Tt  and  decrease  rapidly  above  this 
temperature  which  is  very  sensitive  to  the  device  junction  quality.  As  a 
result,  s  rapid  rise  in  the  shunt  current  was  observed  above  this  temperature. 
The  threshold  temperature  Tt  S  260  K  is  slightly  below  room  temperature. 
When  exposed  to  1  MeV  electrons,  the  most  obvious  change  was  s  reduction 
in  A*  values  above  the  threshold  temperature  as  shown  in  Fig.  2.  As  the 


TABZal  1 

Itolwatok  date  baton  and  after  hradktioa  by  1.0  MaV 
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riactroaa  to  10“  cm-2 


SMNpfff 

V«(V) 

JM(nA 

SB 

Shant  reshtenes*  (ft  on3) 

Aston 

After 

Baton 

After 

Bsfon 

After 

!• 

0.088 

0.494 

48.1 

19.7 

8.4  X  10* 

9.8  X 10* 

8* 

0.808 

0.608 

40.8 

88.8 

6.0  X  104 

1.6  X 10* 

8* 

0.888 

0.488 

48.9 

86.7 

2.4  X  10* 

1.2  X 10* 

•Dtffond  MIN?  esU  with  dlffteiwn  parfotaaad  through  a  window  in  tha  oxida:  ana, 
8.0  an3. 

Howfevlawted  MNP  oalwhmjuMttoaadpa  no  aspoaad:  ana,  8.10a3. 
•low-haplawted  withoet  paaMratioo:  ana,  4.0  on3. 

4Htanteated  at  188  nW  on-* 

•At  800  K. 


?lf.  8.  Tiny  —ten  dspaadaan  of  A*  tor  a  dtftMad  MIN?  aolar  oal  baton  and  alter 
alaaWoo  Imdltooe  of  1  MaV  at  dtiteeet  ftaaan  lent:  •.  baton  inadtethn;  ♦,  alter 
10M  a"  on-3;  A,  alter  101*  a~  on-3;  ■,  after  10“  a~  an-*.  A*  ia  aments  to  1%  and  tha 
iniwtei  to  0.1%. 


irradiation  fluonco  incranad,  vary  little  shift  in  T%  towards  lowar  tempere- 
tuiaa  wn  obaanratL  Tha  chanfs  in  R+  values  bak>w  tha  thraahold  tampan* 
turn  is  howavar  nagHgihte  This  bahavior  can  ba  explained  in  terms  of  tha 
propoaad  of  A*  (8].  Tha  radiation-inducad  dafacta  can 

introduca  additional  anargy  states  in  tha  band  gap  of  tha  qnce  charge  layer 
[9],  Tha  anargy  levels  and  densities  of  these  states  depend  strongly  on  tha 
energy  and  fluence  of  tha  irradiating  particles.  At  low  temperatures,  tun* 
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netting  through  these  states  is  the  most  probable  mode  of  carrier  tnruport 
and  is  almost  temperature  independent.  This  causes  A*  to  remain  practically 
constant  in  a  certain  temperature  qpan.  As  the  temperature  rises,  thermal 
re  emission  of  carriers  from  the  traps  becomes  appreciable  and  A*  tends  to 
drop  at  a  faster  pace.  The  energy  level  of  these  traps  and  their  density  are 
the  two  important  factors  governing  the  rate  of  emission  which  is  expressed 
»[8] 

(3) 

where  nt  is  the  number  of  carriers  trapped  in  the  state,  EA  is  the  energy  level 
of  the  state.  At  is  the  Boltzmann  constant,  T  is  the  temperature  in  degrees 
Kelvin  and  v  is  the  attempt-to-escape  frequency  given  by 


v  •  N,ttSv  (4) 

where  N,tt  is  the  density  of  states  in  the  conduction  (valence)  band,  S  is 
the  capture  cross  section  of  electrons  (holes)  and  v  is  the  thermal  velocity 
of  the  carriers.  If  the  density  and  population  of  these  states  are  extremely 
high  end  the  traps  are  relatively  shallow,  thermal  emission  will  be  significant 
at  a  relatively  lower  temperature.  The  presence  of  shallow  traps  is  also 
reflected  in  the  ( activation  energy  values  obtained  from  the  slope  of  the 
temperature  dependence  of  the  saturation  current  density  [10].  As  the 
fluence  of  irradiation  is  increased,  the  defect  levels  become  deeper  [10],  and 
the  densities  Increase  further,  resulting  in  a  shift  in  the  threshold  tempera¬ 
tures  shown  in  Pig.  2. 

Following  theee  arguments,  a  low  threshold  temperature  was  expected 
for  ion -implanted  devices  before  irradiation,  because  ion  implantation 
induces  defects,  similar  in  nature  to  those  created  by  particle  irradiation. 
Results  on  ion-implanted  devices  shown  in  Fig.  3  demonstrate  this  fret  quite 
clearly.  Although  the  implantation  energy  was  only  5  keV,  and  was  followed 
by  annealing,  the  higher  mass  of  phosphorus  caused  sufficient  damage  to 
the  lattice.  A  larger  change  in  T,  after  electron  irradiation  of  1  MeV  was 
observed  for  the  ion-implanted  devices  which  can  be  associated  with  the 
additional  damage  caused  by  irradiation.  It  is  likely  that  the  exposed  junc¬ 
tions  at  the  edges  of  the  ion-implanted  devices  [4]  can  compound  the  role 
of  defects  in  lowering  the  A*  values.  In  order  to  verify  this,  surfree- 
pesstvated  n+-p  junction  solar  cells  fabricated  by  ion-implantation  (obtained 
from  the  Spire  Corporation)  were  studied.  The  implantation  was  performed 
through  windows  in  a  thick  masking  oxide  [11].  The  ceils  were  isolated  by 
scribing  the  surrounding  area  on  the  oxide.  The  results  for  the  temperature 
dependence  of  A*  after  electron  irradiation,  also  given  in  Fig.  3,  show  a 
trend  to  that  observed  for  the  ion-implanted  MINP  solar  cells.  How¬ 

ever,  the  A*  values  in  the  n*-p  cells  remain  marginally  higher  than  in  the 
MINT  cells  even  after  irradiation.  This  smell  difference  is  due  to  a  better 
edge  design  in  the  n*-p  cells. 
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Fig.  3.  Twpwlati  dopoadnoo  of  on  Wt  lapluf  fl  MINP  and  n*-p  aolar  calla 
baton  ad  attar  aUetroa  trrwttatton  at  1  MeV  at  a  Sanaa  of  1  x  10“  a*  «“*:  MINP 
eaO  ■  baton  aad  •  attar  bradtattoa ;  n*-p  oaO  A  altar  hwdbtaa. 


A, *  values  at  300  K  for  all  than  davicn  before  and  after  irradiation 
at  a  fluence  of  1  X  10M  e~  cm-*,  summarised  in  Table  1,  indicate  that  the 
changm  in  A*  for  the  diffused  MINP  aolar  cells  are  more  than  those 
obeerred  for  ion-impknted  MINP  and  n^-p  solar  cells.  This  can  be  attributed 
to  the  fact  that  a  relatively  dsmafe-free  material  is  more  sensitive  to  the  crea¬ 
tion  and  modification  of  defects  due  to  irradiation  then  previously  damaged 
material.  However,  the  it*  values  of  diffused  MINP  devices  still  remain 
higher  than  the  others  after  irradiation.  Figure  4  shows  the  behavior  of  A* 
at  300  K  as  a  function  of  irradiation  fluence.  It  is  quite  difficult  to  deter¬ 
mine  the  exact  functional  form  of  the  variation  of  A*.  It  is  likely  that  the 
variation  in  A*  with  fluence  is  extremely  sensitive  to  the  initial  conditions 
of  the  devices. 

The  effect  of  shunt  resistance  on  the  device  is  reflected  in  an  additional 
current  component  usually  referred  to  as  the  shunt  current  The  magnitude 
of  thie  current  can  substantially  increase  the  total  diode  current  for  a  low 
shunt  resistance  device.  This  study  shows  that  the  room  temperature  shunt 
current  can  increase  by  an  order  of  magnitude  or  more  owing  to  a  reduction 
in  shunt  reristance  after  irradiation,  as  shown  in  Fig.  5  for  a  diffused  MINP 
call.  At  times,  the  shunt  current  is  as  high  as  /bMM  eqn.  (1),  especially 
after  irradiation,  so  that  it  becomes  quite  difficult  to  differentiate  between 


320 


Fig.  4.  Variation  of  at  room  tamparatun  with  irradiation  Quanta  for  two  diffuaad 
MINP  solar  calls. 


PI*.  S.  Voltaga  dapandanea  of  (hunt  currant  aa  a  function  of  irradiation  fluanca  at  room 
tamparatun  for  a  diffuaad  MINP  aoiar  call:  •,  bafora  irradiation;  A,  aftar  irradiation  of 
l O'*  a" cm~*;  ■,  aflar  irradiation  of  10“  a"  cm-5;  ♦,  aftar  irradiation  of  10“  a"  cm-1. 


them  except  in  the  ca*e  of  temperature  dependence.  The  overall  effect  is 
an  upward  shift  in  the  I-V  characteristics.  Saturation  currents  obtained  from 
such  I-V  characteristics  are  much  higher  than  those  predicted  by  diffusion 
and  recombination  components.  This  greatly  affects  the  open-circuit  voltage 
VM  and  therefore  the  overall  photovoltaic  performance. 
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3.  Conclusions 

A  systematic  study  of  shunt  resistance  on  electron-irradiated  silicon 
MINP  solar  cells  reveals  considerable  radiation-induced  structural  damage 
which  affects  A*.  The  magnitude  of  the  change  in  shunt  resistance  after  the 
irradiation  depends  on  the  processing  techniques  and  the  junction  quality 
of  die  devices.  It  has  been  observed  that  a  large  decrease  in  shunt  resistance 
can  <•?«—  the  shunt  current  to  increase  by  an  order  of  magnitude  or  more, 
resulting  in  a  decrease  in  A  careful  analysis  of  shunt  resistance  is  there¬ 
fore  quite  important  to  determine  the  reliability  of  the  devices  in  the  space 
environment. 


Acknowledgments 

We  wish  to  acknowledge  partial  financial  support  from  the  Office  of 
Naval  Research  under  Contract  N0001485K0727.  We  would  like  to  thank 
Mr.  P.  M.  Orlosky  of  Buffalo  Materials  Research  Center  at  S.U.N.Y.  at 
Buffalo,  NY,  for  electron  irradiations,  and  Dr.  M.  B.  Spitzer  of  Spire 
Corporation,  Boston,  MA,  for  the  n*-p  junction  solar  cells. 


References 


1  C.  T.  Sab,  R.  N.  Noyce  and  W.  Shockley,  Pro c.  IRE.  46  (1967)  1228. 

2  M.  Wolf  and  H.  Raucbenbach,  Adv.  Energy  Convert.,  3  (1963)  456. 

3  R.J.  Stkn,  Proc.  9  th  IEEE  Photovoltaic  Specialists'  Conf.,  Silver  Spring.  MD,  1972. 
USE,  New  York,  1972,  p.  72. 

4  1.1.  Rao,  S.  Banerjee,  W.  A.  Anderson  and  M.  K.  Han,  IEEE  Trans.  Electron  Devices, 
32 (1984) 817. 

6  8.  C.  Choo,  Solid-State  Electron.,  11  (1968)  1069. 

6  H.  J.  Hovel,  Proc.  10th  IEEE  Photovoltaic  Specialists’  Conf.,  Palo  Alto,  CA,  Novem¬ 
ber  13  - 16.  1973,  IEEE,  New  York,  1973,  p.  34. 

7  J.  P.  Charles,  L  ML  Alaout,  O.  Bordare  and  P.  Mhdhe,  Solid-State  Electron.,  28  (1966) 
807. 

8  8.  Banerjee  and  W.  A.  Anderson,  AppL  Phys.  Lett.,  49  (1986)  38. 

9  J.  W.  Corbett,  Electron  radiation  damafe  in  semiconductors  and  metals.  In  F.  Seitz 
and  D.  Turnbull  (ede.),  Solid-State  Physics,  Academic  Press,  New  York,  1966,  Supple¬ 
ment  7,  pp.  59  •  92. 

10  8.  Banarjee  and  W.  A.  Anderson,  IEEE  Trans.  NucL  Set,  33  (1986)  1474  - 1483. 

11  M.  B.  Spitzer,  8.  B.  Tobin  and  C.  J.  Kearney,  IEEE  Trans.  Electron  Devices,  31 
(1984) 546. 


DL/1113/87/2 


TECHNICAL  REPORT  DISTRIBUTION  LIST,  SEN 


• 

t 

Office  of  Naval  Research 

No. 

Copies 

i 

2 

Dr.  David  Young 

Attn:  Code  1113 

Code  334 

8(J0  N.  Quincy  Street 

NORDA 

Arlington,  Virginia  22217-5000 

NSTL,  Mississippi  39529 

Or.  Bernard  Dai  da 

1 

Naval  Weapons  Center 

Naval  Weapons  Support  Center 

Attn:  Dr.  Ron  Atkins 

Code  50C 

Chemistry  Division 

Crane,  Indiana  47522-5050 

China  Lake,  California  93555 

Naval  Civil  Engineering  Laboratory 

1 

Scientific  Advisor 

Commandant  of  the  Marine  Corps 

Attn:  Dr.  R.  W.  Drfsko,  Code  L52 

Code  RD-1 

Port  Hueneme,  California  93401 

Washington,  D.C.  20380 

Defense  Technical  Information  Center 

12 

U.S.  Army  Research  Office 

Attn:  CRD-AA-IP 

Building  5,  Cameron  Station 

high 

P.0.  Box  12211 

Alexandria,  Virginia  22314 

quality 

Research  Triangle  Park,  NC  2//) 

DTNSRDC 

1 

Mr.  John  Boyle 

Materials  Branch 

Attn:  Dr.  H.  Slngerman 

Naval  Ship  Engineering  Center 

Applied  Chemistry  Division 

Philadelphia,  Pennsylvania  19112 

Annapolis,  Maryland  21401 

Dr.  William  Tolies 

1 

Naval  Ocean  Systems  Center 

Attn:  Dr.  S.  Yamamoto 

Superintendent 

Marine  Sciences  Division 

Chemistry  Division,  Code  6100 

San  Diego,  California  91232 

Naval  Research  Laboratory 

Washington,  D.C.  20375-5000 

